UVA/RNA synthesis/Isolated nuclei/Reactive oxygen species/Singlet oxygen Little information is available on the effects of UVA (320-400 nm radiation) on transcription. We examined the effect of UVA on RNA synthesis in isolated chicken liver nuclei. Nuclei in air or nitrogen were irradiated with UVA, and the RNA synthesis induced by endogenous RNA polymerase was estimated under conditions in which little or no initiation occurs. Incorporation of [3H]UMP into the acid-insoluble fraction was used as the measure of RNA synthesis in the nuclei. In air the amount of synthesized RNA decreased with increasing UVA fluence. In contrast, in nitrogen UVA had little effect on RNA synthesis. Sodium azide and histidine, which effectively scavenge singlet oxygen ('O,) as well as hydroxyl radicals (-OH), protected the nuclei from inhibition of RNA synthesis; whereas, sodium formate and dimethyl sulfoxide, both of which much more effectively scavenge -OH than 10, had no protective effect. These findings provide a strong indication that 'O, is involved in the inhibition of RNA synthesis. In addition, RNA polymerase 11-dependent synthesis (in the nucleoplasm) was much more sensitive to UVA than RNA polymerase I-dependent synthesis (in the nucleolus).
INTRODUCTION
UVA (320-400 nm), like UVB (290-320 nm) and UVC (200-290 nm), induces cell death or mutation, although much higher fluences of UVA are necessary to induce these biological responses'''. UVB and UVC are directly absorbed by DNA, resulting in the formation of two major dipyrimidine lesions, cyclobutane pyrimidine dimers and pyrimidine-pyrimidone (6-4) photoproducts''. Although UVB and UVC produce other minor types of DNA damage that differ qualitatively and quantitatively for the two wavelength regions of UV-rays'), the two major dipyrimidine lesions generally are believed to be responsible for most of the biological effects of UVB and UVC. In contrast, because UVA is not absorbed by DNA and its biological effect depends strongly on the presence of oxygen, UV-rays of this wavelength region probably exert their effects through indirect mechanisms such as photosensitization2'. UVA photons excite endogenous photosensitizers such as porphyrines, flavins, and reduced nicotinamide coenzymes. These exited photosensitizers then interact with molecular oxygen, giving rise to reactive oxygen species such as superoxide anions (02), hydrogen peroxide (HO-,), and singlet oxygen ('O2). In the presence of transient metal ions, the less reactive H202 is converted to highly reactive hydroxyl radicals (-OH) by Fenton reaction'-'. In the end, -OH and '02, which are considered primary active species, induce DNA damage.
Although UVA is reported to induce several types of DNA damage such as strand breaks", base modification"'), and DNA-protein crosslinks"• 121, few studies have focused on the effects of UVA-induced DNA damage on biological processes such as replication and transcription. UVA has been shown to inhibit total RNA synthesis in cultured human fibroblasts, as measured by the incorporation of [3H]uridine13', but little is known about the mechanism by which it inhibits RNA synthesis. Moreover, the possibility exists that the decreased incorporation of [3H]uridine observed in cultured human fibroblasts reflects impaired cellular uptake of [3H]uridine because UVA is reported to affect the cell membrane").
We used isolated chicken liver nuclei to directly determine the effect of UVA on RNA synthesis. In isolated liver nuclei, transcripts that are initiated in vivo before nuclear isolation are elongated'"), but little or no initiation of RNA synthesis occurs if the assay is carried out at high ionic strength'). We therefore can directly determine the effect of UVA on transcriptional elongation. Unlike purified cell-free systems, such as purified DNA and isolated chromatin, isolated nuclei retain the nuclear membrane and the matrix. Because UVA may exert its effect through endogenous photosensitizers located on the nuclear membrane or matrix, isolated nuclei provide an adequate cell-free system with which to investigate the effect of UVA on RNA synthesis. As a first step to clarifying the effect of UVA on in vitro RNA synthesis in isolated chicken liver nuclei, we examined whether reactive oxygen species are involved in this effect. Effects of UVA on the RNA synthesis catalyzed by different classes of RNA polymerases also were examined.
We show that UVA inhibits in vitro RNA synthesis in isolated chicken liver nuclei in a dose and oxygen-dependent manner, and that '02 is involved in this inhibition. We also present results showing that RNA synthesis catalyzed by RNA polymerase II is much more sensitive to UVA than that catalyzed by RNA polymerase I.
MATERIALS AND METHODS
Preparation of chicken liver nuclei. Liver nuclei were isolated from 8 to 12-week-old White Leghorn chickens by the method of Chauveau et al."' with some modifications"'. All operations during nuclear isolation were done at 0-4°C. The liver was minced with scissors and homogenized in 10 volumes of 2.15 M sucrose-TKMP buffer (10 mM Tris-HC1, pH 7.5, 25 mM KCI, 5 mM MgC12, and 0.2 mM phenylmethylsulphonyl fluoride) in a Waring blender. The homogenate was mixed with an equal volume of 2.15 M sucrose-TKMP buffer, filtered through four layers of gauze, then centrifuged at 35,000 x g for 60 min at 0°C. The resulting pellets were suspended in 0.34 M sucrose-TKMP buffer. After centrifugation at 600 x g for 2 min, the pellets were resuspended in TM buffer (20 mM Tris-HCI, pH 7.5 and 5 MM MgC12). The washings with TM buffer were repeated two more times, after which the nuclei were suspended in the same buffer. The concentration of the nuclei was determined with a hemocytometer.
germicidal lamp was used for the UVC irradiation. Fluence rates were 65 J/m2/sec for UVA and 4.6 J/m2/sec for UVC, as measured with a UVX radiometer (Ultraviolet Products, Inc., CA, USA) equipped respectively with a UVX-36 and a UVX-25 sensor. Nuclei suspensions were irradiated through a continuous stream (about 4 1/min) of air or nitrogen passed over the liquid surface. During irradiation, the suspension was stirred gently with a small magnetic bar, and the vessel maintained at 4°C in a circulating water bath. Sham irradiated control nuclei were treated in the same manner, except they were not irradiated.
In vitro RNA synthesis in isolated chicken liver nuclei. After irradiation, the nuclei were collected by 
RESULTS

Effects of UVA and UVC on RNA synthesis in isolated nuclei
Isolated chicken liver nuclei were irradiated with UVA under atmospheres of air or nitrogen, and RNA synthesis in the irradiated nuclei was estimated by measuring the amounts of 1H-UMP incorporated into the acid-insoluble materials (Fig. 1) . Sham-irradiation in air or nitrogen had no effect on 1H-UMP incorporation during the period of irradiation used (about 77 min for 300 kJ/m2, data not shown). In the presence of air, the amounts of synthesized RNA decreased with the increase in UVA fluence. After irradiation with 300 kJ/m2
of UVA, the content of synthesized RNA dropped to about 40% of that in unirradiated nuclei. Under nitrogen, however, UVA had little effect on RNA synthesis in the isolated nuclei, more than 90% of the unirradiated content being retained subsequent to irradiation with 300 kJ/m2 of UVA. These results show that the inhibitory effect of UVA on RNA synthesis in isolated chicken liver nuclei depends strongly on the presence of oxygen.
In contrast, UVC had a much more pronounced effect on RNA synthesis (Fig. 2) . The UVC fluence at which the amounts of synthesized RNA decreased to 50% of the unirradiated value was about 250 J/m2, whereas about 200 kJ/m2 of UVA was required for 50% inhibition. Moreover, RNA synthesis was inhibited equally by UVC, irrespective of whether the nuclei were irradiated under air or nitrogen, indicative that the inhibitory effect of UVC on RNA synthesis in isolated nuclei is independent of the presence of oxygen. Involvement of'02 in UVA-induced inhibition of RNA synthesis Because UVA inhibited RNA synthesis in an oxygen-dependent manner, reactive oxygen species may be involved in the UVA-induced inhibition of RNA synthesis in isolated nuclei. To determine what kind of reactive oxygen species are responsible for the UVA-induced inhibition of RNA synthesis, we examined the effect of several scavengers of reactive oxygen species on RNA synthesis in UVA-irradiated nuclei (Fig.  3) . The isolated nuclei were irradiated aerobically with UVA at a fluence of 200 kJ/m2 in the presence of 50 mM sodium formate, 100 mM dimethyl sulfoxide (DMSO), 10 mM sodium azide (NaN3), or 50 MM L histidine. These scavengers had little effect on RNA synthesis in the sham-irradiated chicken liver nuclei (data not shown). NaN3 and L-histidine, which scavenge '0, as effectively as 'OH, had marked protective effects on the UVA-induced inhibition of RNA synthesis. In the presence of one of these scavengers, the inhibition of RNA synthesis was nearly the same as that in the absence of oxygen. In contrast, sodium formate and DMSO, which have a much greater capacity for scavenging -OH than '02, had little effect on the UVA-induced inhibition of RNA synthesis. A concentration of 50 sg/ml of superoxide dismutase (SOD), which converts 02 to H2O2, had little effect on the UVA-induced inhibition of RNA synthesis (data not shown). These findings suggest that 'O2 is the main contributor to UVA-induced inhibition of RNA synthesis in isolated chicken liver nuclei.
To further test the involvement of 'O,, isolated nuclei were incubated for 30 min at 0°C in 2 mM Tris HCl (pH 7.5)-5 mM MgCI,, in which the solvent (water) was replaced by 90% deuterium oxide (DO), before irradiation with a UVA fluence of 200 kJ/m2 because D20 is known to prolong the lifetime of'02. As shown in Fig. 3 , D20 did not stimulate the inhibitory effect of RNA synthesis by UVA.
Effects of UVA and UVC on RNA synthesis catalyzed by different classes of RNA polymerases. To examine whether the RNA syntheses catalyzed by different classes of RNA polymerases have a different sensitivity to UVA, isolated nuclei were irradiated with 200 kJ/m2 of UVA or 250 J/m2 of UVC. RNA was synthesized in the presence of a-amanitin (final concentration 100 µg/ml). a-Amanitin, at the high concentration used completely inhibits RNA polymerase II and III, whereas it has no effect on the activity of RNA polymerase I2". In the unirradiated control nuclei, 12 ± 4% (mean ± standard deviation of five different nuclear preparations) of the total [H]UMP incorporation into acid-insoluble material was insensitive to a-amanitin under the reaction conditions used (data not shown), indicating that RNA polymerase I contributes to 12% of the RNA synthesized in isolated nuclei. The activities of RNA polymerase II and III are readily distinguished by their different sensitivities to a-amanitin, polymerase II being completely inhibited at a low concentration (1 µg/ml) of a-amanitin, but not polymerase III. Preliminary experiments showed, however, that RNA synthesis by RNA polymerase III was negligible as compared to that by RNA polymerase II under the assay condition used (data not shown). The incorporation of [H]UMP sensitive to a-amanitin therefore is mainly ascribed to RNA synthesis by RNA polymerase II. RNA synthesis in isolated nuclei in the presence of a-amanitin is highly resistant to UVA irradiation (Fig. 4) , evidence that the decrease in RNA synthesis is mainly due to the inhibition of RNA synthesis by RNA polymerase II. In contrast, RNA synthesis was inhibited equally by UVC in the presence or absence of u-amanitin. 
DISCUSSION
Our findings clearly show that UVA dose-dependently inhibits RNA synthesis in isolated chicken liver nuclei and that it is about a thousand times less efficient than UVC at fluences at which 50% of the initial RNA synthesis remains ( Figs. 1 and 2 ). Because the inhibition of RNA synthesis induced by UVA, unlike that induced by UVC, was strongly dependent on the presence of oxygen (Fig. 1) , reactive oxygen species are thought to contribute to the damage responsible for the inhibition of RNA synthesis by UVA. Our findings show that both sodium azide and L-histidine, but not DMSO, sodium formate, or SOD, can abolish the inhibitory effects of UVA on RNA synthesis. This strongly suggests that '02 is the primary reactive oxygen species involved in the UVA-induced inhibition of RNA synthesis. Our results are in good agreement with those of a study made on cultured human fibroblasts which showed that '0, is involved in the inhibition by UVA of total RNA synthesis"). '02 therefore is thought to be primarily involved in the inhibition of RNA synthesis, both in vivo and in vitro. '02 involvement also has been suggested in the UVA-induced killing of Escherichia coli cells22' 23' and cultured human fibroblasts24', but the link between the UVA-induced inhibition of RNA synthesis and lethality is not clear.
The biological effects of '02 generally are enhanced if water (H20) is replaced by D20 because the lifetime of '0, is prolonged by D20. This D20 effect has been reported in several biological actions of UVA, including cell killing24>, lipid peroxidation21,21) , and DNA damage" to mammalian cells. No enhancement of the inhibitory effect of UVA by D20, however, was observed for RNA synthesis in isolated chicken liver nuclei. The D20 effect was not found to be apparent in the inhibition of total RNA synthesis in cultured human fibroblasts at the relatively low UVA fluences we used (-300 kJ/m2), although the UVA effect was enhanced by D20 at fluences of more than 500 kJ/m-13'. The lifetime Of 102 is one order of magnitude shorter in cells than in water27, probably because 10, immediately reacts with intracellular organic molecules before it is quenched by water. A similar situation probably exists in isolated nuclei, in which the lifetime of '0 2 is thought to depend on the local concentrations of DNA, proteins, and/or membrane lipids at the site of its generation rather than the kind of solvent used in the suspending buffer. We therefore consider that the absence of a D20 effect in the study reported here does not exclude the possibility of'02 involvement in the inhibition of RNA synthesis.
Elongation of RNA transcripts is known to stop at the site of a cyclobutane pyrimidine dimer induced in DNA by UVC2s, 29', evidence that transcription of a long transcription unit is more sensitive to UVC than that of a shorter unit28'. Ribosomal RNA (rRNA) synthesis is highly sensitive to UVC because the rRNA gene is transcribed by RNA polymerase I as a large rRNA precursor molecule with a length of about I x 104 nucleotides. Okaichi reported that in UVC-irradiated spore germination of a cellular slime mold, Dictyostelium discoideum, rRNA synthesis is more sensitive to UVC than the synthesis of poly (A)+ RNA which probably represents messenger RNA". In isolated chicken liver nuclei, however, RNA polymerase I-(rRNA) and II (mostly messenger RNA) dependent synthesis was equally sensitive to UVC (Fig. 4) . The RNA elongation rate in isolated rat liver nuclei is reported to be about 10 nucleotides/min, about 100-fold lower than the estimated rates of in vivo rRNA synthesis", 111. This means that RNA elongated in vitro after nuclear isolation is much shorter than its transcription unit. In this case, the UVC sensitivity of the synthesis of a given RNA species should depend on the elongation rate rather than the size of the transcription unit. The similarity in the UVC sensitivities of RNA polymerase I and II-dependent synthesis therefore may mean that both types of RNA polymerase synthesized RNA at similar elongation rates in isolated chicken liver nuclei under the present assay conditions. In contrast, UVA-induced inhibition of RNA synthesis in isolated chicken liver nuclei was due mainly to the inhibition of polymerase II-dependent synthesis (Fig. 4) . RNA polymerase I-dependent synthesis was negligibly affected by UVA. It is unlikely that RNA polymerase II is much more sensitive to UVA radiation than RNA polymerase I because both RNA polymerases have similar physicochemical properties.
Alternatively, the results shown in Fig. 4 may reflect the location of the photosensitizers involved in the inhibition of RNA synthesis. Reactive oxygen species, of which '02 is thought to be the main species, are generated via photosensitizing reactions as described in the Introduction. Porphyrins generally are believed to be the main photosensitizers that give rise to '0,. In addition, some porphyrins tend to be located in the nuclear membrane", 34'. If endogenous sensitizers are present in the nuclear membrane, damage would be limited to the nuclear periphery and not affect the nucleolus because the diffusion distance of'02 is less than 0.1 tm in cells"). In fact, selective induction of DNA damage at the nuclear periphery has been reported by Kvam and Stokke35j , who showed that in human cells treated photodynamically with exogenous lipophilic porphyrin the initial DNA damage was located close to the nuclear membrane. Therefore, RNA polymerase I-dependent synthesis would scarcely be affected by UVA because RNA polymerase I transcribes ribosomal RNA genes in the nucleolus.
As little or no initiation occurs in isolated nuclei, at least under the high ionic strength") used in our study, UVA-induced inhibition of RNA synthesis is believed to reflect its influence on transcriptional elongation. Our findings suggest that '02 acts in the production of the nuclear damage which contributes to the UVA-induced inhibition of RNA synthesis. Photodynamically or chemically generated '02 selectively reacts with the guanine moiety in DNA, resulting in such base damage as 8-oxodeoxyguanine (8-oxo-dG)36, 3".
It is unlikely, however, that 8-oxo-dG blocks transcriptional elongation because this lesion on the transcribed DNA strand has been shown to cause negligible premature termination of transcription by T7 phage RNA polymerase38'. Moreover, the presence of '0Z may lead to DNA strand breaks 36, 37), and '0, appears to be 
